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Limb muscles of vertebrates are derived from migratory dermomyotomal cells which emanate from a limited number of
somites located adjacent to the developing limb buds. We have generated additional limb buds in chicken embryos by
implantation of FGF-beads into the interlimb region in order to analyze whether these somites can be programmed to
supply ectopic limbs with myogenic precursor cells. We show that migrating myogenic precursor cells are released from
somites at the level of the newly formed limb, even when cell migration into the natural limb has been completed. The
implantation of FGF beads in the lateral plate mesoderm rapidly induces SF/HGF expression. FGF beads implanted between
HH stages 10 and 12 inhibit limb bud formation or shift the normal limb position. When an additional FGF bead was
implanted at the original limb position at HH stage 15, SF/HGF expression was transiently induced to low levels without
inducing a new limb. This demonstrates that the initial induction of SF/HGF by FGF does not require limb formation.
Expression of SF/HGF during early limb bud stages was found in the entire developing bud and the adjacent lateral plate
mesoderm with direct contacts to the lateral edge of the dermomyotome. Later, the SF/HGF expression domain retracts
to a distal region below the apical ectodermal ridge. To investigate the role of SF/HGF in the migratory process, we
implanted beads soaked in SF/HGF-alone or together with FGF into different locations of the developing chick embryo. In
the experiments SF/HGF caused delamination of migratory cells from the dermomyotomal epithelium but no chemotactic
attraction of migrating cells toward the SF/HGF source. q 1996 Academic Press, Inc.
INTRODUCTION gratory cells which migrate away from somites and enter
the limbs where they start to express myogenic determi-
nation factors and differentiate into primary myotubes ofIn vertebrate embryos all skeletal muscles are derived
limb skeletal musculature (Ordahl and LeDourain, 1992;either from condensations of paraxial mesoderm, the so-
Bober et al., 1994). Migratory muscle precursor cells domites, which give rise to muscles of the trunk and the
not express myogenic determination factors of the MyoDlimbs, or the prechordal plate which contains the precur-
family of basic helix-loop-helix proteins nor is the genera-sors for head muscles (Christ et al., 1978). Newly formed
tion or migration of these cells dependent on prior expres-somites are subject to various extrinsic in¯uences leading
sion of myogenic bHLH regulators in somites (Braun etto the establishment of various lineages within the der-
al., 1992, 1994; Tajbakhsh and Buckingham, 1994). Dur-momyotome (reviewed in Brand-Saberi et al., 1996). Cells
ing segmentation of the paraxial mesoderm the Pax-3 genein the medial half will form the myotome, the primordial
is ®rst expressed in all cells of the segmental plate buttrunk muscles. The lateral part contains precursors of mi-
later it becomes restricted to the dermomyotomal layer
and the migratory limb muscle precursor cells (Bober et
al., 1994; Goulding et al., 1994; Williams and Ordahl,1 Current address: St. Petersburg Nuclear Physics Institute,
1994). Analysis of the murine Pax-3 mutant splotch dem-Russia.
onstrated a critical role of Pax-3 for the epithelial-mesen-2 To whom correspondence and reprint requests should be ad-
dressed. Fax: 49-531-3918178. E-mail: T.Braun@tu-bs.de. chymal transition of the dermomyotome and/or the mi-
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gration of muscle precursor cells (Bober et al., 1994; Das- We have generated additional limb buds in chicken em-
bryos by implantation of FGF-containing beads to investi-ton et al., 1996). Recently, the generation of limb muscle
cells has been shown to depend on the c-met receptor gate whether myogenic cells of somites situated in the
¯ank regions can be reprogrammed to populate the newlytyrosine kinase which is expressed like Pax-3 in the der-
momytome and in migratory cells. Since the c-met ligand forming limb bud. Here, we demonstrate that somitic
cells are plastic and capable of migration even at develop-SF/HGF is localized in the growing limb bud in mice, it
has been proposed (Bladt et al., 1995) that SF/HGF may mental stages when normal cell movements have already
been completed. We show that FGF stimulates the expres-function as a chemoattractant to guide lateral dermomyo-
tomal cells expressing the c-met receptor. In general, sion of SF/HGF independent of limb bud formation but
that sustained SF/HGF expression requires subsequent orc-met and its ligand SF/HGF have been shown to regulate
various epithelial-mesenchymal interactions (Sonnenb- additional events associated with the formation and/or
outgrowth of limb buds. Furthermore, we have investi-erg et al., 1993) mediating cell movements (Stoker
et al., 1987), proliferation (Nakamura et al., 1989), and gated the role of SF/HGF in the migration of myogenic
precursor cells and demonstrate that SF/HGF is suf®cientbranching morphogenesis (Montesano et al., 1991; Woolf
et al., 1995). for delamination of dermomyotomal cells from the epi-
thelium but not for targeted movement toward the SF/Migratory myogenic cells of the limbs are derived from a
limited number of somites located at the level of the limb HGF source.
buds. The myogenic precursor cells leave the lateral edge
of the dermomyotome, cross the intermediate mesoderm
and the Wolf®an duct, and enter the limb bud mesoderm MATERIALS AND METHODS
where they become localized to the muscle anlagen (Solursh
et al., 1987; Lance-Jones, 1988). Cells at the cervical and Molecular cloning of chicken SF/HGF and c-met homologues.
¯ank levels do not migrate into the limb buds but together Partial cDNA clones for chicken c-met and chicken SF/HGF were
with the underlying myotome constitute the precursors of obtained by RT-PCR using primers derived from conserved se-
body wall muscles. Recently, it has been shown that myo- quence domains. PCR ampli®cation of reverse transcribed mRNA
from liver of 15-day-old chicken embryos was carried out for 35genic cell migration can be induced by transplantation of
cycles using the reaction conditions described below and the fol-limb somatopleure into the ¯ank region of chicken embryos
lowing primers and annealing temperatures: SF/HGF: 5*-GAAAAC-when the somite was in contact with the medial region of
TACTGTCGAAATCC-3*; 5*-ATCATCAAAGCCCTTGTC-3* atthe presumptive limb somatopleure (Hayashi and Ozawa,
55.57C annealing temperature; c-met, 5*-GACTTGGCAGCAAGA-1995). However, the molecular mechanisms which estab-
AAC-3*; 5*-GAAGGACCACACATCTGAC-3* at 537C annealinglish the migratory pathways in limb, cervical, and ¯ank
temperature. A 198-bp c-met product and a 250-bp SF/HGF product
regions are unknown. Based on ultrastructural observations were cloned in the pCRII vector (Invitrogen) and sequenced to con-
and transplantation experiments it has been suggested that ®rm its identity. Fragments were released from the vector by diges-
migration of somitic cells in avian embryos toward the tion with EcoRI and used to screen an adult chicken liver library
limbs starts at HH stage 14/15 in somite 15 (20±22 somite in lambda ZAP (Stratagene) using standard procedures as described
elsewhere (Braun et al., 1989). Positive clones were plaque-puri®edembryo) and terminates at HH stage 18 (36 somite embryo)
and pBluescript Phagemids were in vivo excised from lambda ZAP(Chevallier, 1978; Seed and Hauschka, 1984; Kenny-Mobbs,
using the ExAssist/SOLR system as recommended by the manufac-1985).
turer (Stratagene). To generate probes for in situ hybridization theRecently, FGF-8 has been identi®ed as a key regulator of
following plasmids were linearized and transcribed with RNA-poly-limb development which not only induces and initiates the
merase in the presence of digoxigenin-rUTP as indicated: (a) vectorformation of a limb bud but also promotes its subsequent
pSK (Stratagene) containing a 843-bp c-met insert was linearized
development (Crossley et al., 1996). It has been proposed with BamHI and in vitro transcribed with T7 RNA-polymerase; (b)
that FGF-8 expression in the intermediate mesoderm in- vector pCRII containing a 1137-bp SF/HGF cDNA fragment was
duces FGF-8 gene expression in the ectoderm overlying the linearized with BamHI and in vitro-transcribed with T7 RNA-poly-
prospective limb-forming region thereby initiating a cas- merase; (c) vector pKS (Stratagene) containing a 660-bp Pax-3 frag-
ment was linearized with BamHI and in vitro transcribed with T3cade of regulatory events including the induction of sonic
RNA-polymerase.hedgehog which promotes and maintains limb outgrowth.
Chicken embryo manipulation and application of FGF-2 andEctopic application of FGF to the lateral plate mesoderm at
SF/HGF beads. Fertilized chicken eggs were purchased fromthe interlimb level between HH stages 13 and 17 leads to
Lohmann Bruteier (Cuxhaven, Germany), incubated at 387C, andthe development of an extra limb demonstrating that FGFs
staged according to Hamburger and Hamilton (1951). After win-are suf®cient to initiate limb bud formation (Cohn et al.,
dowing of eggs at different developmental stages a small amount
1995). Application of FGF-soaked beads into the ¯ank re- of black ink (Pelikan No. 16) diluted 1:9 in Ringer solution was
gion before HH stage 12 or into the cervical and lumbal injected under the blastoderm to visualize the embryos. The vi-
region between HH stages 13 and 17 leads to a shift of limb telline membrane overlaying the implantation area was cut with
bud position or to a lack of limb bud outgrowth, respec- a sharpened tungsten needle and torn away. A small longitudinal
cut was made in the ectoderm covering the lateral plate meso-tively.
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FIG. 1. Expression of SF/HGF during development of chicken limb buds. Stage 17 (A, B, C), stage 19 (D), and stage 23 (E) chicken
embryos were subjected to whole mount in situ hybridization using a DIG-UTP-labeled SF/HGF probe. Stained embryos were
sectioned on a vibratome. Whole-mount preparations (A) or vibratome sections (B ±E) are shown. At stage 17 SF/HGF transcripts
are detected in virtually all mesodermal cells of the limb (C). At stage 19 SF/HGF expression becomes con®ned to anterior and
posterior domains in the limb (D) and at stage 23 to a zone below the tip of the limb bud (E). Note that the SF/HGF expression
domain at stage 17 is directly adjacent to the dermomyotome (arrows in B). dm, dermomyotome; nt, neural tube; n, notochord.
Magni®cations were 2001 in (B) and 1001 in (C ±E).
derm at the appropriate somite level and a bead was carefully background in older embryos and allows hybridization of different
probes to the same embryo.inserted into the slit. Heparin acrylic beads (H5263, Sigma) were
washed in Ringer solution, selected for size, and incubated for Detection of SF/HGF expression using RT-PCR. Embryos
were dissected free from yolk sacs in PBS and the implanted1±2 hr at room temperature in a moist chamber in a drop of 500
mg/ml FGF-2 (R&D Systems Inc., Mineapolis, MN) or 50 mg/ bead was localized under a stereo microscope. Lateral plate tissue
fragments were dissected out using sharpened tungsten needlesml SF/HGF (R&D Systems Inc.) and 200 mg/ml SF/HGF (R&D
Systems Inc.) before use. and mRNA was isolated using the Micro-Fast track system as
recommended by the manufacturer (Invitrogen). RT-PCR was es-In situ hybridization. Whole mount hybridizations were per-
formed with digoxigenin-labeled cRNA probes for Pax-3, c-met, sentially done as described by MuÈ nsterberg et al. (1995). Ampli-
®cation parameters were: denaturation 957C for 45 sec, annealingand SF/HGF as described by Wilkinson (1992). After hybridization
embryos were embedded in a gelatine/albumen mixture and sec- 2 min at 557C (SF/HGF), 497C (Pax-1), 607C (GAPDH), extension
727C for 2 min. The expected product sizes were as follows: Pax-tioned with a vibratome at 20±100 mm as described (Bober et al.,
1994). For some hybridizations embryos were embedded in a gela- 1, 255 bp (MuÈ nsterberg et al., 1995); GAPDH, 330 bp; SF/HGF,
250 bp. Identity of PCR fragments were con®rmed by restrictiontine/albumen mixture and sectioned at 100±200 mm with a vibra-
tome before hybridization. Floating sections were then processed digest analysis.
The reaction products for SF/HGF were ampli®ed for 22 cyclesexactly as described for intact embryos. This procedure reduces
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FIG. 2. Migration of Pax-3- and c-met-positive cells into additional limb buds of chicken embryos induced by implantation of beads
soaked in FGF. In situ hybridization with a DIG-UTP-labeled Pax-3 probe on 100-mm vibratome sections taken in a frontal plane (A, C)
and with a c-met probe using a whole-mount preparation (B). Arrows mark somites which send out Pax-3-positive muscle precursor cells
into the additionally formed limb (A, C). Arrowheads indicate tips of limbs. (B) Migration of c-met-positive cells into additionally formed
limbs (closed arrowheads) is observed even when migration of muscle precursor cells in normal limbs has already occurred (half-®lled
arrowheads). Only somites adjacent to the additionally formed limb generate muscle precursor cells. FGF beads are labeled with ``B''. LB,
limb bud; s, somite. Pictures were taken under a stereo microscope.
when beads where implanted in the ¯ank region and 28 cycles isolated from livers of 15-day-old chicken embryos. Frag-
when beads where implanted in the ``interference'' region. The ments were cloned, sequenced, and used as probes to screen
product for GAPDH and Pax-1 were always ampli®ed for 20 cycles. an adult chicken liver cDNA library constructed in lambda
It was determined that after 20, 22, and 28 cycles, respectively, ZAP (Stratagene). Several different hybridizing clones were
transcript ampli®cation was within the linear range. The following isolated and subjected to sequence analysis. While this work
primers were used: SF/HGF, 5*-GAAAACTACTGTCGAAATCC- was in progress full-length cDNA sequences of chicken c-
3*; 5*-ATCATCAAAGCCCTTGTC-3*; GAPDH, 5*-AGTCAT-
met and SF/HGF were published (Thery et al., 1995). Se-CCCTGAGCTGAATG-3*; 5*-AGGATCAAGTCCACAACACG-
quence comparisons of our isolated clones with published3*; Pax-1, 5*-GCTGGGTGGTGTCTTCGTGA-3*; 5*-GAATAC-
SF/HGF and c-met probes revealed nearly 100% identity.AAGCAGGGCGACCC-3*.
Few base pairs within the 3*-nontranslated region of our c-
met cDNA isolate differed which may be due to polymor-
RESULTS phisms between chicken strains or to sequencing errors. For
in situ hybridization experiments 1137-bp SF/HGF and 843-
Cloning of Chicken SF/HGF and c-met Homologues bp c-met cDNA fragments were cloned behind the T7 pro-
Chicken c-met and SF/HGF cDNA fragments of 198 and motor in vector pKSII as described under Material and
Methods.250 bp, respectively, were generated by RT-PCR using RNA
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Dynamic Expression Pattern of SF/HGF in the ®rst signs of newly forming limb buds were observed. After
24±48 hr additional limb buds had grown considerably butDeveloping Limb Bud
usually were retarded compared to their original counter-
Using whole mount in situ hybridization with DIG-UTP- parts. Later during development differences between newly
labeled cRNA probes and vibratome sections of whole formed and original limbs became less obvious and virtually
mount preparations, we ®rst investigated the expression disappeared after 4 days of incubation.
pro®le of SF/HGF in developing chicken limb buds (Fig. 1). Embryos of different developmental stages carrying an
Very strong SF/HGF expression was detected in developing additional limb bud were ®xed and subjected to in situ hy-
limb buds as soon as they formed at HH stage 15 with bridization with Pax-3 and c-met cRNA probes labeled with
continuous expression in virtually all cells of the limb bud DIG-UTP. As shown in Figs. 2A and 2C, only Pax-3-positive
mesenchyme until HH stage 20 (Figs. 1A±1C). At later cells originating from somites directly adjacent to the addi-
stages (HH stage 22), however, SF/HGF expression became tionally formed limb entered the bud. Pax-3 expressing cells
restricted to a prominent anterior and posterior cell layer migrating from the originally limb somites appeared not
adjacent to the ectoderm (Fig. 1D). At stages 24/25 SF/HGF to be redirected by the additional limb but followed their
expression was con®ned to a zone below the tip of the grow- primary path. No evidence for a redistribution of cells of
ing limb bud (Fig. 1E). We never observed expression of SF/ the primary migrating cell population between old and the
HGF in the ectoderm overlying the limb mesenchyme at new limbs was observed.
any stage. The dynamic expression domains of SF/HGF Hybridization for c-met (n  12), which is also expressed
showed no strict correlation to the position of skeletal mus- in migrating cells, yielded similar results (Fig. 2B). It is also
cle anlagen, which is particularly evident during the later interesting to note that the onset of migration of c-met-
stages of limb development. positive cells into additionally formed limbs occurred later
Signi®cantly, at early stages of limb bud development the compared to original limbs which may be due to the general
expression domain of SF/HGF directly borders the lateral retardation of the induced limb. In several embryos we ob-
edge of the dermomytome at a position where precursors served cells positive for c-met mRNA on their way into
of limb muscles leave the somites (Fig. 1B, arrows). This the additional limb when primary migration has already
observation is consistent with a role of SF/HGF in mediat- completed (Fig. 2B). We also detected manipulated embryos
ing short range interactions between mesenchymal cells of where c-met-positive cells were just about to leave somites
the limb bud, the lateral plate, and the dermomyotomal and delaminate from the dermomyotome but have not en-
epithelium. Interestingly, migration of muscle precursor tered the limb yet, whereas all migrating cells in the normal
cells out of somites starts at HH stages 14/15 and terminates limbs have reached their ®nal destination (data not shown).
at HH stage 18, in good agreement with the time period
during which SF/HGF expressing mesenchymal cells are in
FGF Rapidly Induces SF/HGF in the Lateral Plateclose proximity to the lateral edge of the dermomyotome.
Mesoderm Independent of Limb Bud Outgrowth
The presence of high levels of SF/HGF during early stagesMyogenic Cells of Somites in the Flank Region
of limb bud development prompted us to investigate itsCan Be Reprogrammed to Migrate
expression after FGF application to the lateral plate meso-into Additional Limbs
derm. Using whole mount in situ hybridization we detected
strong SF/HGF expression in the interlimb region of manip-Cells of newly formed somites are still plastic and adopt
different fates depending on their relative position. During ulated embryos (n  10) about 12±16 hr after implantation
of heparin beads soaked in FGF (Fig. 3A). During furtherlater stages of somite development cell lineages become
®xed as a result of extrinsic in¯uences leading to autono- development the ectopic SF/HGF expression increased and
followed essentially the same dynamic pattern as in wild-mous cell development. We wanted to know whether and
for how long somites in the ¯ank region are capable to type limbs (Fig. 3B). Interestingly, initiation of SF/HGF ex-
pression by FGF occurred earlier than the expression of shhrespond to signals generated by an ectopically induced limb
bud to send out muscle precursor cells into the developing and Hoxd-13 which are activated approximately 24 hr after
implantation of the bead (Cohn et al., 1995). Thus, induc-muscle anlagen of the limb. Plasticity of the dermomyo-
tome would be indicated by migrating muscle precursor tion of SF/HGF expression represents an early event in the
cascade of regulatory processes controlling limb bud devel-cells emanating from the interlimb region somites, whereas
a ®xed cell fate in ¯ank versus limb region somites may opment.
We next wanted to know whether induction of SF/HGFresult in the distribution of the original migratory cell popu-
lation among the normal and additionally induced limbs. by FGF-2 is necessarily coupled to actual formation of the
limb bud or whether SF/HGF induction can occur indepen-Heparin beads soaked in FGF-2 were implanted in ovo
into the ¯ank region of HH stages 15±17 embryos (n  10). dent of limb outgrowth. Two different strategies were fol-
lowed to distinguish between these possibilities. (a) BeadsManipulated embryos were returned to the incubator and
allowed to develop for various time periods. After 8±12 hr soaked in FGF were implanted in the neck or in the tailbud
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region where no induction of additional limb development ampli®cation cycles were needed to generate comparable
signals. We also noted a slight decrease of SF/HGF expres-can be induced (n 12) (Cohn et al., 1996). (b) A ®eld in the
lateral mesoderm at the original limb position was rendered sion at later stages of limb development most likely re-
¯ecting the dynamic expression pattern of SF/HGF de-refractory to limb bud induction by implantation of FGF-2
beads at HH stages 10±12 (n  23). This manipulation re- scribed above.
sulted either in inhibition of limb bud formation (n  6) or
a shift of limb bud position along the body axis (n  17).
SF/HGF Dissolves Somitic Epithelium but Does NotAs a consequence, no limb developed at the original posi-
Directly Attract Dermomyotomal Cellstion when an additional bead was implanted 10 hr later at
HH stage 15 (Fig. 4). Manipulated embryos from (a) and (b) In order to further evaluate the role of SF/HGF in muscle
precursor cell migration, we implanted beads soaked in SF/were then subjected to whole mount in situ hybridization
using the SF/HGF probe. Embryos which received a bead in HGF into various positions in chicken embryos. Beads
soaked in 50 mg/ml (Fig. 6A) and 200 mg/ml (Fig. 6B) SF/the neck or the tail bud region gave inconsistent patterns
of SF/HGF expression: some embryos showed response to HGF were implanted in the ¯anks of stage 16 embryos.
After 24 hr (Figs. 6A, 6B, 6C, and 6E) and 48 hr (Figs. 6DFGF-bead implantation (n  5), while others were negative
for SF/HGF transcripts around the bead (n  7). In contrast, and 6F), respectively, embryos were ®xed and whole-mount
hybridizations with a Pax-3 probe were performed. First5 of 6 embryos which exerted inhibition of limb bud forma-
tion due to double implantation of FGF-beads and 15 of 17 signs of dissociation of Pax-3-positive dermomyotomal epi-
thelium were already detectable after 12 hr (data notembryos showing a shift of the original limb bud position
displayed SF/HGF-signals in close proximity to the im- shown). By 24 hr the migration was well underway and
considerable numbers of Pax-3-positive cells had left theplanted bead (Figs. 4A and 4C). This clearly demonstrates
that development of an extra limb is not a prerequisite for somites. Interestingly, Pax-3-positive cells delaminating
under high concentration of SF/HGF appeared more dis-the induction of SF/HGF in the lateral mesoderm by FGF.
However, in the absence of limb bud outgrowth SF/HGF perse (Fig. 6B) than those induced by beads soaked at lower
SF/HGF concentrations (n  14) which sometimes formedexpression was only transient and became undetectable 36±
48 hr after implantation (Figs. 4B and 4D). In addition, the a coherent stream of cells (Fig. 6A) leaving the dermomyo-
tome (n  3). Careful examination of manipulated embryosamount of SF/HGF mRNA was always signi®cantly lower
than in growing limbs. We never observed any limb out- under the stereo microscope indicated that Pax-3-positive
cells were not migrating directly toward the SF/HGF beads.growth or SF/HGF induction in control embryos which had
received beads soaked in PBS (n  10; data not shown). Instead, they moved through mesodermal tissue between
the beads and surface ectoderm from a dorsal to ventralIn all types of induction experiments SF/HGF expression
was never seen directly abutting the FGF-2 beads. Instead, a direction. When SF/HGF beads were implanted close to the
ectoderm thereby interfering with the dorsal to ventralhalo of cells around the beads was devoid of SF/HGF mRNA
(Figs. 4A and 4C). This effect was not in¯uenced by the route, migration appeared to be blocked and no alternative
seemed to be used (data not shown). Control experimentsconcentrations of FGF-2 (200 mg/ml±1 mg/ml) initially used
to soak heparin beads. in which beads soaked in PBS where implanted in similar
positions (n  10) never resulted in delamination of Pax-3-Most experiments analyzed by whole mount in situ hy-
bridization were also examined using RT-PCR. Expression positive cells (data not shown). For a better resolution of the
migration path taken by the induced cells, stained embryosof three different transcripts were analyzed: (a) GAPDH; (b)
Pax-1; (c) SF/HGF. Expression of GAPDH was used to assure were sectioned with a vibratome. As shown in Figs. 6C and
6E a stream of Pax-3-positive cells leaves the dermomyoto-that equal amounts of cDNA were present in each ampli®-
cation reaction. Expression of Pax-1 was used as a negative mal epithelium in a dorsal to ventral direction. On the con-
tra-lateral side without a bead the dermomyotomal epithe-control since Pax-1 is expressed in the sclerotome but not
in the lateral mesoderm. This control became necessary lium remains intact and migration does not occur. No direct
migration of Pax-3-positive cells toward the SF/HGF sourcesince SF/HGF is expressed at low levels in the sclerotome
which may obscure results unless complete removal of was evident (Figs. 6C and 6E).
We next investigated whether dermomyotomal cells onsclerotomal tissue can be ascertained. Only preparations
without Pax-1 expression were used to analyze expression their path into the limbs could be redirected by SF/HGF.
Therefore, we implanted beads soaked in SF/HGF into theof SF/HGF. The RT-PCR analysis essentially corroborated
our data obtained by in situ hybridization (Fig. 5). SF/HGF basis of outgrowing normal limb buds of stage 16 embryos
(Fig. 6D). Alternatively, beads soaked in both FGF and SF/transcripts were induced after implantation of FGF-beads
independent of limb bud outgrowth. While the high-level HGF were implanted into ¯ank regions of stage 15 embryos
(Fig. 6F). In normal limb buds Pax-3-positive cells followedexpression of SF/HGF in outgrowing limb buds was stable
for at least 48 hr, signals disappeared after initial induction their original migration route from somites into limbs with-
out any obvious change in migration direction. In particular,in the lateral mesoderm when no limbs were formed. Ex-
pression levels in this set-up were also lower, since more no migration toward the basis of the limb carrying the bead
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FIG. 3. Induction of SF/HGF expression by beads soaked in FGF. Chicken embryos were subjected to whole mount hybridization with
a SF/HGF probe 16 hr (A) and 36 hr (B) after implantation of FGF-beads into the ¯ank of chicken embryos. SF/HGF expression is rapidly
and strongly induced in outgrowing limb buds (closed arrowheads). SF/HGF expression in additionally formed limbs is delayed compared
to normal limbs (half-®lled arrowheads) which show already a dynamic shift into anterior and posterior expression domains. lb, limb bud.
Photographs were taken under a stereo microscope.
was detected. Limbs induced by FGF beads, which in addi- nation of myoblasts in limb buds marked by the onset of
myogenic bHLH gene expression, and (e) terminal differen-tion received continuos SF/HGF signals from implanted
beads, showed a more dispersed arrangement of Pax-3-posi- tiation into myotubes. In the present study we demonstrate
that interlimb somitic cells are plastic and their fate can betive cells. Although normal migration appeared to be dis-
turbed in these limbs as indicated by the diffuse Pax-3 signal changed by induction of an additional limb. The fate change
results in the migration of somitic cells into the newlydistribution, no concentration of Pax-3-positive cells
around the bead was observed. formed limb bud even when cell movements into normal
limbs have already been completed. We show that FGFs
which are likely to be the primary signals for limb bud
formation rapidly stimulate the expression of SF/HGF, inde-DISCUSSION
pendently of the outgrowth of a new limb bud. Finally, we
provide evidence that SF/HGF may initiate the epithelio-Development of limb muscles is a multistep process
which comprises (a) commitment of somitic cells, (b) an mesenchymal transition of the lateral dermomyotome but
may not be suf®cient to direct the migratory path of somiticepithelial to mesenchymal transition when limb muscle
precursor cells delaminate from the dermomyotomal epi- cells by acting as a chemoattractant. In principle, two mech-
anisms are possible how limb muscle precursor cells mi-thelium and acquire mesenchymal morphology, (c) migra-
tion from somites into limb bud mesenchyme, (d) determi- grate into additionally induced limbs. First, through a by-
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FIG. 4. Transient SF/HGF expression after implantation of an additional FGF bead into an ``interference'' ®eld. Chicken embryos were
subjected to whole mount hybridization with a SF/HGF probe 12 hr (A, C), 24 hr (B), and 36 hr (D) after implantation of FGF-beads into
HH stage 15 manipulated chicken embryos which had already received a FGF-bead at HH stage 10 to create the ``interference ®eld.'' SF/
HGF expression is transiently induced in the lateral mesoderm (A, C). Without limb bud formation expression is subsequently down-
regulated (B, D). (C) A larger magni®cation of (A). nt, neural tube; n, notochord. Pictures were taken under an inverted microscope with
Nomarski optics with magni®cations of 1001 (A, B), 2001 (D), and 4001 (C).
pass from the somites which normally supply original limbs HGF directly abutting the lateral edge of the dermomyo-
tome. In addition, the dynamic shift of SF/HGF expressionwith muscle precursor cells. Second, by recruitment of der-
momyotomal cells from ¯ank somites which normally do toward the more distal parts of the limb correlates with
termination of muscle cell precursor migration. These ®nd-not migrate. Using Pax-3 and c-met probes as markers our
results clearly indicate that muscle precursor cells of addi- ings are consistent with recent observations by Hayashi and
Ozawa (1995) that somitic cell migration induced upontionally induced limbs are recruited from the adjacent ¯ank
somites. This implies that signals necessary for targeted transplantation of limb somatopleure occurred only when
the somite was in direct contact with the medial region ofmigration are generated by the newly induced limb and
somitic cells are able to respond to these signals and follow the prospective limb somatopleure. Therefore, SF/HGF may
be the critical molecule for the inducing mechanism pro-the new migration pathway.
One signal which may be essential for development of posed by Hayashi and Ozawa (1995).
In manipulated chicken which showed retarded develop-limb muscles is SF/HGF. Our analysis of the expression
pattern of SF/HGF in wild-type and manipulated chicken ment of the limbs the delayed expression of SF/HGF also
resulted in a corresponding retardation of cell migration.limbs reveals that migration of dermomyotomal cells from
somites to limbs is connected with the expression of SF/ Furthermore, inactivation of the c-met/SF/HGF signalling
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FIG. 5. PCR analysis of SF/HGF induction after implantation of FGF beads into an interlimb region or in an ``interference'' ®eld. Flank
regions containing beads implanted at HH stage 15 were micro dissected at different time points after bead implantation and RNA was
isolated (lanes 1±6). Unmanipulated sides were used as negative controls (lanes 7±11). In a second set of experiments RNA was isolated
at different time points after implantation of FGF-beads into HH stage 15 manipulated chicken embryos which had already received a
FGF-bead at HH stage 10 to create an ``interference ®eld'' (lanes 12±16). RNA was reverse transcribed and PCRs were performed using
(A) Pax-3 primers (lanes 1±11, 22 cycles; lane 12±16, 28 cycles), (B) Pax-1 primers (lanes 1±17, 26 cycles), and (C) GAPDH primers (lanes
1±16, 23 cycles). Lane 17 contains a water control in A and C and cDNA sythesized from sclerotomal cells as a positive Pax-1 control
in B. PCR products were resolved on a 1.5% agarose gel. Lane 1, 0.5 hr; lane 2, 4 hr; lane 3, 8 hr; lane 4, 12 hr; lane 5, 24 hr; lane 6, 48
hr after bead implantations in interlimb regions. Lane 7, 4 hr; lane 8, 8 hr; lane 9, 12 hr; lane 10, 24 hr; lane 11, 48 hr after bead
implantations in contra-lateral sides. Lane 12, 4 hr; lane 13, 8 hr; lane 14, 12 hr; lane 15, 24 hr; lane 16, 48 hr after bead implantations
in interference regions. Lane 17, water in (A) and (C), sclerotomal cDNA in (B).
system in mice resulted in the absence of migrating muscle toward SF/HGF-beads, a chemoattractant function of SF/
HGF appears less likely. This conclusion was supportedcell precursors and complete lack of skeletal muscle cells
in extremities (Bladt et al., 1996). by implantation of SF/HGF-beads into the basis of out-
growing limb buds and by simultaneous induction of limbDespite this striking evidence indicating the impor-
tance of SF/HGF for the formation of limb muscles (Bladt outgrowth and epithelio-mesenchymal transition by FGF
and SF/HGF. Both manipulations did not affect the nor-et al., 1996) the exact role of SF/HGF in this process re-
mained elusive. Two functions of SF/HGF were proposed: mal migration pattern of muscle precursor cells or led to
an accumulation of Pax-3-positive cells around the beads.(a) induction of epithelio-mesenchymal transition leading
to the delamination of cells from the dermomyotomal However, we cannot completely rule out that different
concentrations of SF/HGF, longer exposure to the factor,epithelium; (b) direct chemoattractant function resulting
in the targeted migration of cells which express the c- or subtle variations in the expression and timing pattern
may promote chemoattraction. Nevertheless, we favormet receptor toward the SF/HGF source. We have directly
tested these hypotheses by implantation of beads soaked the hypothesis that additional signals are responsible for
targeted migration of muscle precursor cells when theyin SF/HGF into various locations of developing chicken
embryos. Since we observed an epithelio-mesenchymal have undergone an epithelio-mesenchymal transition.
Previous studies implicated the presence of a prepat-transition in the ¯ank region but not a direct migration
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terned vascular network which spans the gap between growth via FGF-mediated SF/HGF activation. However,
somites and lateral plate mesoderm forming a migration it is hard to prove that induction of SF/HGF expression
pathway (Solursh et al., 1987). Other groups postulated a is a direct result of FGF signalling. The activation of SF/
role for the integrin complex in the migration of muscle HGF in the lateral mesoderm without outgrowth of a limb
precursor cells (Jaffredo et al., 1988), although more re- bud demonstrates at least that it is not dependent on
cent experiments argue against such a role (FaÈssler and mechanisms acting exclusively during limb outgrowth.
Meyer, 1995). It is clear, however, that somitic cells reach Since expression of SF/HGF under these conditions is
the limbs by active locomotion and that a passive matrix- only transient in the lateral mesoderm, one may invoke
driven locomotion plays only a minor if any role (Sze et additional activities for the maintenance and/or enhance-
al., 1995). ment of SF/HGF expression in the limb bud. These activi-
At present the nature of the molecules which guide mus- ties appear not to be present or may be neutralized in the
cle precursor cells to the limb and their mode of action are lateral mesoderm.
unknown. In a simple view, distinct surface molecules may In this context it is interesting to note that cells in the
decorate a speci®c pathway to the limbs. Alternatively, mi- immediate vicinity of FGF beads were devoid of SF/HGF.
gration may be a balance of attractive and repulsive mecha- This could be explained in two ways: (a) FGF released by
nisms. the beads induces adjacent cells to secrete a signal which
It is intriguing to note that induction of a newly formed acts as a direct activator of SF/HGF expression in the neigh-
limb also establishes a new migration pathway for ¯ank boring cell layer and (b) FGF works in a gradient-like manner
somitic cells. Beside epithelio-mesenchymal transition inducing different effects depending on the actual factor
which is coupled to FGF-mediated outgrowth and SF/HGF
concentration. A similar model has been proposed recently
induction other signals or surface molecules have to be in-
to account for the effects of dpp in Drosophila wing develop-duced in the lateral mesoderm and arranged in the right
ment (Nellen et al., 1996). At present we cannot distinguishcontext to account for this phenomenon.
between these two possibilities. Although we have seen aImplantation of beads soaked in FGF in the ¯ank region
differential distribution of SF/HGF transcripts with differ-of chicken embryos from HH stage 14 onward initiates
ent FGF applied to the beads, we realize that this may nota cascade of different events eventually leading to the
necessarily re¯ect the actual concentration of FGF releasedoutgrowth of limbs. Several molecules which play vital
by the beads.roles in the establishment of the regulatory network lead-
In summary, our results demonstrate that migration ofing to limb formation, like shh and HoxD13, are induced
muscle cell precursors may be linked to limb bud out-after FGF-bead implantation. Since most of these mole-
growth by the activation of SF/HGF via FGF. Plasticitycules are expressed hours after bead implantation, it is
of somitic cells and lateral mesoderm allows the recruit-dif®cult to distinguish whether activation is directly me-
ment of muscle precursor cells from somites not normallydiated by the FGF signalling pathway or whether it is a
sending out muscle precursor cells into limbs. SF/HGFconsequence of secondary signals switched on during
appears to function as a true scatter factor which dissolveslimb outgrowth. Our interpretation of SF/HGF activation
the dermomyotomal epithelium and thereby creates theby FGF faces the same problems. It makes sense that mus-
starting point for further targeted migration. Future re-cle precursor cell migration which is a very early event
during limb formation is tightly coupled to limb bud out- search will focus on signals which guide limb muscle pre-
FIG. 6. Induction of epithelio-mesenchymal transition of dermomyotomal epithelium in chicken embryos by implantation of beads
soaked in SF/HGF. Beads soaked in 50 mg/ml SF/HGF (A) or 200 mg/ml SF/HGF (B) were implanted into ¯anks of HH stage 16 chicken
embryos and hybridized with a Pax-3 probe after 24 hr (A, B, C, E) of incubation. Filled arrowheads indicate newly induced delamination
of dermomyotomal cells. Half-®lled arrowheads indicate positions of normal limb ®elds. In embryos which received beads soaked in 50
mg/ml SF/HGF Pax-3-positive cells left some somites in a continuous stream of cells (A). Beads soaked in 200 mg/ml usually evoked a
more dispersed delamination of cells (B). Stereoscopic examination revealed that Pax-3-positive cells migrate in the mesenchymal cell
layer in a dorsal to ventral direction. After embedding in gelatine embryos were sectioned with a vibratome in transversal planes. Note
the delamination of dermomyotomal cells at the lateral edge of somites as indicated by ®lled arrowheads (C, E) while the epithelium
remains intact at the unmanipulated side as indicated by a half-®lled arrowhead (C). Pax-3-positive cells do not migrate directly toward
HGF releasing beads (E, half-®lled arrowheads). Chicken embryos carrying 200 mg/ml SF/HGF (D) and 200 mg/ml HGF plus 500 mg/ml
FGF (F) were incubated for 48 hr, hybridized with a Pax-3 probe, and sectioned with a vibratome in transversal planes. Beads were implanted
into the basis of an outgrowing limb bud (D) and into ¯ank regions (F). Implantation of a bead soaked in HGF into the basis of an
outgrowing limb bud does not disturb normal migration of Pax-3-positve cells (D). Implantation of beads soaked in both SF/HGF and FGF
leads to a more dispersed Pax-3 signal distribution but not to the accumulation of Pax-3-positive cells around the bead (F). Pictures were
taken under a stereo microscope (A, B) or under an inverted microscope with Nomarski optics at a magni®cation of 1001 (C, D, F) and
2001 (E), respectively.
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